The magnesium-rich compound CeRu 2 Mg 5 was synthesized by high-frequency melting of the elements in a sealed tantalum ampoule. CeRu 2 Mg 5 crystallizes with a new tetragonal structure type: P4 2 /ncm, a = 961.1(1), c = 723.2(1) pm, wR2 = 0.0284, 481 F 2 values and 25 variables. The striking structural motifs in CeRu 2 Mg 5 are short Ce-Ru distances of 232 pm. Each cerium atom is connected to two ruthenium atoms within a three-dimensional [Ru 2 Mg 5 ] network. CeRu 2 Mg 5 has a pronounced magnesium substructure with short Mg-Mg distances in the range 302 -341 pm. The short Ce-Ru distances are a consequence of the almost tetravalent character of the cerium atoms. Temperature-dependent magnetic susceptibility data show intermediate-valent behavior of the cerium atoms (0.9(1) µ B per formula unit) and no magnetic ordering down to 3 K.
Introduction
Intermetallic Ce x T y X z cerium compounds (T = transition metal; X = element of the 3 rd , 4 th , or 5 th main group) are a fascinating class of materials, since the different electronic states of cerium, i. e. Within this large family of compounds, a peculiar bonding situation arises for T = Ru. Several compounds exhibit unusually short Ce-Ru distances, some of them as short as 228 pm, much shorter than the sum of the covalent radii. This phenomenon has first been observed for the indides CeRu 0.88 In 2 , Ce 16 [1 -5] and recently for CeRuSn [6, 7] , Ce 2 RuZn 4 [8, 9] , Ce 23 Ru 7 X 4 (X = Mg, Cd) [10, 11] , CeRu 4 B 4 [12] , and CeRuAl [13] . Such short Ce-Ru distances can only be realized with a small, i. e. almost tetravalent cerium. Depending on the crystal structure these cerium compounds contain one or more crystallographically independent cerium sites. If only one cerium site is present, the compound shows intermediate cerium valence, while a static ordering of trivalent and intermediate-valent cerium is possible in the case of multiple cerium sites, e. g. in CeRuSn [6, 7] , Ce 2 RuZn 4 [8, 9] , and 0932-0776 / 10 / 1000-1185 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Ce 23 Ru 7 X 4 (X = Mg, Cd) [10, 11] . This behavior has been proven by magnetic susceptibility data. Especially the structures of CeRuSn [6] and Ce 2 RuZn 4 [8] give unambiguous evidence for Ce III /Ce ∼IV ordering. Electronic structure calculations revealed very strong Ce-Ru bonding for the Ce ∼IV sites.
Bearing these peculiar structural features and unusual magnetic properties in mind, we started systematic phase analytical studies of the Ce-Ru-X systems. In continuation of our investigations of RE x T y Mg z intermetallics [14, and refs . therein], we screened the Ce-Ru-Mg system by X-ray powder diffraction and metallography in combination with EDX. So far, only the rare earth metal-rich phases Ce 23 Ru 7 Mg 4 [11] and Ce 4 RuMg [15] have been characterized. They already contain short Ce-Ru contacts. Herein we report on the structure and magnetic properties of the new magnesium-rich compound CeRu 2 Mg 5 . This phase had first been observed as a minority component during metallographic studies. After the structure determination the phase could be obtained as X-ray-pure bulk material.
Experimental Section

Synthesis
Starting materials for the preparation of CeRu 2 Mg 5 were a cerium ingot (Sigma Aldrich), ruthenium powder (Allgemeine Gold-und Silberscheideanstalt Pforzheim, > 99.99 %) and a magnesium rod (Alpha Aesar, > 99.8 %; the surface layer of the rod was removed on a turning lathe). The cerium ingot was first cut into smaller pieces and arcmelted [16] to a small button under an argon atmosphere. The argon was purified with titanium sponge (900 K), silica gel, and molecular sieves. The elements were weighed in the ideal 1 : 2 : 5 atomic ratios and sealed in a tantalum tube under an argon pressure of 700 mbar in an arc melting apparatus. The tantalum tube was subsequently placed in the water-cooled sample chamber of an induction furnace [17] (Hüttinger Elektronik, Freiburg, Germany, Typ TIG 2.5/300), heated to 1373 K, and kept at that temperature for 10 min. Finally, the temperature was lowered to 773 K, and the sample was annealed at that temperature for another 8 h and then cooled within the furnace after the power was switched off. The temperature was controlled by a Sensor Therm Methis MS09 pyrometer with an accuracy of ±30 K. The brittle CeRu 2 Mg 5 sample could readily be separated from the tantalum tube by mechanical fragmentation. No reaction with the crucible material was evident. CeRu 2 Mg 5 is stable in air over several weeks. Single crystals exhibit metallic luster while the ground powder is dark grey.
EDX data
Semiquantitative EDX analyses of the CeRu 2 Mg 5 crystals investigated on the diffractometer and of the bulk sample were carried out by use of a Zeiss EVO MA10 scanning electron microscope with CeO 2 , Ru, and MgO as standards. The crystal mounted on a quartz fibre was first coated with a thin carbon film to ensure conductivity. The bulk sample was previously embedded in a methylmetacrylate matrix, and the surface was polished with different silica and diamond pastes. The surface remained unetched for the EDX measurements. The experimentally observed compositions were close to the ideal one. No impurity elements heavier than sodium (detection limit of the instrument) were found. 
X-Ray diffraction
The CeRu 2 Mg 5 sample was characterized by a Guinier pattern (imaging plate detector, Fujifilm BAS-1800 readout system) with CuK α1 radiation and α-quartz (a = 491.30 and c = 540.46 pm) as the internal standard. The tetragonal lattice parameters (Table 1) were refined by a least-squares routine. Correct indexing was ensured through an intensity calculation [18] taking the atomic positions from the structure refinement. The experimental and calculated patterns are compared in Fig. 1 . Small single crystals of CeRu 2 Mg 5 were selected from the crushed annealed sample. The quality of the crystals was checked by Laue photographs on a Buerger camera (white Mo radiation). Intensity data were collected at room temperature by use of a Stoe IPDS-II imaging plate diffractometer in oscillation mode (graphite-monochromatized MoK α radiation). A numerical absorption correction was applied to the data set. All relevant details concerning the data collection and evaluation are listed in Table 1 .
Structure refinement
Careful analyses of the diffractometer data set revealed the same tetragonal primitive cell as determined from the powder X-ray data. The data set had high Laue symmetry, and the systematic extinctions were compatible with the space group P4 2 /ncm. The starting atomic parameters were then determined via Direct Methods with SHELXS-97 [19] , and the structure was refined with anisotropic atomic displacement parameters for all sites using SHELXL-97 [20] (full-matrix least-squares on F 2 ). As a check for the correct composition, the occupancy parameters were refined in a separate series of least-squares cycles. All sites were fully occupied within two standard deviations and in the final cycles the ideal values were assumed again. The final difference Fourier synthesis was flat ( Table 1 ). The positional parameters and interatomic distances are listed in Tables 2 and 3 .
Further details of the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fizinformationsdienste.de/en/DB/icsd/depot anforderung.html) on quoting the deposition number CSD-421908.
Physical property measurements
The magnetic measurements were carried out on a Quantum Design Physical Property Measurement System (PPMS) using the VSM option. For the VSM measurements 9.758 mg of CeRu 2 Mg 5 was packed in Kapton foil and attached to the sample holder rod for measuring the magnetic properties in the temperature range 3 -305 K with magnetic flux densities up to 80 kOe.
Discussion
Crystal chemistry
So far, only the rare earth metal-rich compounds Ce 23 Ru 7 Mg 4 [11] and Ce 4 RuMg [15] have been reported in the ternary system Ce-Ru-Mg. Both structures are built up of rigid three-dimensional networks of corner-sharing RuCe 6 trigonal prisms and Mg 4 tetrahedra. Although magnesium is clearly the minority component in both compounds, the magnesium clustering is remarkable. A second peculiar structural feature are comparatively short Ce-Ru distances, down to 261 pm in Ce 23 Ru 7 Mg 4 [11] . These Ce-Ru distances are shorter than the sum of the covalent radii of 289 pm [21] . Similar structural characteristics are observed for the new compound CeRu 2 Mg 5 reported herein, although this compound is magnesium-rich.
The CeRu 2 Mg 5 structure has four crystallographically independent sites. The coordination polyhedra are presented in Fig. 2 . The cerium atoms have the coordination number (CN) 14 (2 Ce + 2 Ru + 10 Mg). The most intriguing feature are the extremely short Ce-Ru distances (2×) of 232 pm, which are much shorter than the sum of the covalent radii [21] of 289 pm. Such short Ce-Ru distances can only be explained by small, almost tetravalent cerium atoms, as is also evident from the magnetic data (vide infra). The coordination sphere of the cerium atoms is completed by ten magnesium and two cerium atoms. The Ce-Ce distances of 362 pm are close to that in fcc cerium (365 pm) [22] and well above the Hill limit of 340 pm for f electron localization [23] .
The ruthenium atoms have the smallest CN with one cerium and seven magnesium atoms in their nearneighbor environment (Fig. 2) . The Ru-Mg distances range from 273 to 283 pm, slightly longer than the sum of the covalent radii of 260 pm, similar to the structure of Mg 3 Ru 2 [24] . The two crystallographically independent magnesium sites have 8 (Mg1) and 6 (Mg2) magnesium neighbors at Mg-Mg distances ranging from 302 to 341 pm. Most of these Mg-Mg distances are shorter than the average Mg-Mg distance of 320 pm in hcp magnesium [22] . These distances compare well with the Mg-Mg distances of 313 -315 pm in the Mg 4 tetrahedra of Ce 23 Ru 7 Mg 4 [11] and in the magnesium substructures of the ternary magnesium-rich compounds LaCuMg 4 (305 -326 pm) [25] , TbCuMg 4 (308 -335 pm) [25] , and Y 5 Cu 5 Mg 16 (300 -342 pm) [26] .
In Fig. 3 we present a projection of the CeRu 2 Mg 5 structure onto the ab plane, emphasizing the Ru-Mg, Mg-Mg, and Ce-Ru interactions. Together, the ruthenium and magnesium atoms build up a rigid threedimensional network in which the cerium atoms are located in cavities at 1/4 1/4 0.43098 and on the three symmetry-equivalent sites. As emphasized in Fig. 2 , each cerium atom connects to two ruthenium atoms. On rows at 1/4 1/4 z and 3/4 3/4 z these CeRu 2 units are related by the four-fold srew axis 4 2 . At first sight one might think of empty channels along 3/4 1/4 z and 1/4 3/4 z, however, this space is much smaller than that occupied by the neighboring cerium channels, and this part of the structure shows substantial Mg-Mg bonding.
Finally we note that most of the compounds with extremely short Ce-Ru distances crystallize in their own, singular structure type. Due to the intermediate cerium valence (almost tetravalent cerium) and the very short Ce-Ru distances no representatives with the neighboring rare earth elements can be structurally realized. To give an example, CeRuSn [6] crystallizes with a monoclinic superstructure of the CeCoAl type, while PrRuSn [27] with its orthorhombic TiNiSi-type structure contains stable trivalent praseodymium. Further investigations on Ce x Ru y X z intermetallics are in progress in order to systematize the magnetochemical properties of these outstanding intermetallics.
Physical properties
The temperature dependence of the magnetic and the inverse magnetic susceptibility of CeRu 2 Mg 5 is displayed in Fig. 4 . The compound shows only a moderately temperature-dependent susceptibility, a typical displays the magnetization isotherms taken at 5, 10 and 300 K. The isotherms at 5 and 10 K show a very slight curvature, and only small magnetization values are reached at the highest measured field of 80 kOe. At 300 K the magnetization increases linearly with the external field as expected for a paramagnetic material. The magnetic behavior of CeRu 2 Mg 5 is similar to that of Ce 5 Ru 3 Al 2 [28] and CeRuAl [13] .
